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Abstract: Forestdevelopmentpatternsfollowingdisturbanceareknownto influencethephysicaland

chemicalattributesof soilsat differentpointsin time. Changesin soil resourcesare thoughtto havea

correspondingeffectonectomycorrhizal(ECM)communitystructure.Weusedmolecularmethods

to comparebelow-groundECMspeciesrichness,composition,andabundancebetweenadjacent

standsof homogenouslodgepolepineandold growthmixedconiferin YellowstoneNationalPark

(YNP). In eachstand-typewecollectedsoilcoresto bothidentify mycorrhizaeandassesssoil

chemistry.Althoughnostatisticaldifferencewasobservedin themeannumberof ECM root tipsper

corebetweenstandtypes, the total number of species identified (85 versus 35) and the mean number

of species per core (8.8 + 0.6 versus 2.5 + 0.3) were significantly higher in lodgepole pine.

Differences between the actual and estimated species richness levels indicated that these forest types

support a high number of ECM species and that undersampling was severe. Species compositions

were widely disparate between stands where only four species were shared out of a total of 116. Soil

analysis also revealed that mixed conifer was significantly lower in pH, but higher in organic matter,

potassium, phosphorus, and ammonium when compared to lodgepole pine stands. Species richness

per core was correlated with these chemical data, however, analysis ofcovariance indicated that stand

type was the only statistically significant factor in the observed difference in species richness. Our

data suggest that ECM flmgal richness increases as homogenous lodgepole pine stands grow and

mature, but declines after Engelmann spruce and subalpine fir colonize. Despite difficulties linking

species composition with soil chemistry, there are a variety of physical and chemical factors that

could be influencing ECM community structure. Future field experiments are necessary to test some

of the mechanisms potentially operating within this system.
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INTRODUCTION

A prevalent view in fungal ecology holds that soil resources and fertility influence the

ectomycorrhizal(ECM) plant-fungal relationship,as well as fungal colonization levels, species

richnessand compositionpatterns(Alvarezet al. 1979;Gehringand Whitham 1994; Bruns 1995;

Gehringet al. 1998). Early modelsproposedthat during forest developmentincreasingplant litter

andwoody debris,alongwith changinghost-carbohydratesupply,substantiallyalter theamountand

quality of nutrientsavailableto theECM community(DightonandMason1985;Last etal. 1987).

PreviousstudiesexaminingECM communitystructurehavefocusedon a variety of forest

systems,but relatively few havedocumentedbelow-grounddistribution patternsalong successional

gradientswithin natural systemswheredisturbanceregimeshave remainedintact (Visser 1995;

Jonssonet al. 1999b). Stand-replacingwildfire is a commondisturbancein many forest ecosystems

that may causesubstantialnutrient loss throughvolatilization, changesoil porosity and chemistry,

and significantly reducesoil microbial biomass,particularly root symbiontssuch as ECM fungi

(Neary et al. 1999; Stendell et al. 1999). Consequently,post-fire communitiesalong with their

associatedectomycorrhizaefaceenvironmentalconditionsquite unlike thepre-fire environment,and

it maytakeyearsor centuriesfor theseareasto recoverto their previousstate.

Currently,little is knownabouthowtemporalchangesin soil factorsaccompanying

vegetativesuccessionsaffectECM fungaldiversityandcompositionin naturallyregeneratingforests.

Although fire tendsto causeratherabruptandextremeenvironmentalchanges,forestsuccession,in

contrast,tendsto impartsubtlechangesto thecommunitygraduallythroughtimewith theslow

accumulationof plant litter andwoodydebrisandcoincidentchangesin temperatureandmoisture

regimes.A majority of below-groundstudieshaveaddressedECM communitystructurewithin
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specificforesthabitatsand/orhost-specificitypatternsinmixedforestcommunities(Gardesand

Bruns1996;Horton andBruns1998;Jonssonet al. 1999b;TaylorandBruns1999;Byrd et al. 2000;

Cullings et al 2000) but only a few have provided information on soil nutrient status in relation to the

fungal community (Gerhing et al. 1998; Horton et al. 1999; Grogan et al. 2000; Cullings and Makhija

2001).

In this study, we assessed below-ground ECM community structure and soil chemistry at two

points of a natural successional gradient in Yellowstone National Park where periodic stand-replacing

wildfire is common. Here we examined ECM community structure and its possible relationship with

soil nutrients. Specifically, we compared ECM community patterns and soil characteristics between

adjacent stands of mature lodgepole pine (just at a point where late-successional species begin to

establish in the understory) and old-growth mixed conifer derived from the same rhyolitic parent

material. Since a previous study examining host-specificity patterns in the mixed conifer stand

demonstrated that many fungal species can associate with more than one species of plant host,

possibly facilitating late-successional species (Cullings et al. 2000), we hypothesized that lodgepole

pine and mixed conifer stands would have similar fungal compositions among system dominants.

MATERIAL AND METHODS

Study sites

The study area is located 17.9 kilometers west of Fishing Bridge along Grand Loop Road

(UTM Zone 12, 4922400 m N, 540300 m E; elevation 2430 m) in Yellowstone National Park,

Wyoming, and encompassed 4 hectares of variously aged coniferous forest (Figure 1). Individual
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samplingsiteswereselectedfrom two adjacentforesttypesrepresentingdistinct successionalstages

separatedby 150-200meters:1)maturelodgepolepinestand(Pinuscontorta Douglas ex Louden)

regenerating from a fire approximately 135 years ago; and 2) a 250+ year-old mixed coniferous stand

comprised of lodgepole pine, Engelmann spruce (Picea engelmannii Parry ex Engelmann), and

subalpine fir (Abies lasiocarpa Nuttal ex Haoker). Secondary succession typically begins with

lodgepole pines readily establishing in open sites following fire. This species forms monospecific

stands for 80-150 years, after which shade-tolerant species such as Engelmann spruce and subalpine

fir begin to colonize and later dominate (Despain 1990).

Soil type for the area is derived from rhyolitic and lake sediment parent materials and

classified as Typic Cryochrepts with a coarse sandy loam (Rodman et al. 1996). Tree species

composition and seasonal soil moisture patterns differed between forest types, while total basal area,

mean canopy cover, and soil temperature regimes were similar (Table 1).

Soil Sampling

A total of 27 soil cores were collected from each forest type to assess below-ground ECM

species richness, composition, and root tip abundance. A grid system was used to select core sites in

two 50 x 50 m plots and one 30 x 80 m plot within the lodgepole pine stand in August 1998 and

1999, respectively. Using a random number generator, we randomly selected three sites within each

plot to extract soil cores. At each site, three 8 x 24 cm soils were collected systematically: the first

core was collected 25 cm due north of the randomly selected site while the subsequent two cores

were taken at locations representing the vertices of an equilateral triangle. These soil cores were

compared with a set of soil cores taken from an adjacent stand of mixed conifer in 1996.
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An additional27 soil coreswerecollectedfrom eachforesttypein May 2000immediately

following snowmeltto assesschemicalcomposition.A totalof threesoil cores,comprisingtheupper

soil layeronly (0-8cm), weretakenadjacentto siteswhereindividualsoil coreshadbeenpreviously

sampledfor ectomycorrhizalfungi. Thesesoil coreswerepooledto ensuresufficient volumefor

chemicalanalyses(i.e.,>300g). Followingfield collection,soil wasair-driedandpassedthrough

two sievesizes,numbers10and60. Samplesweresubmittedto theDANR (Division of Agriculture

andNaturalResources)AnalyticalLaboratory,Universityof California,Davis,andanalyzedfor pH,

organicmatter,total nitrogen,ammonium,nitrate,potassium,andphosphorusfollowing standard

procedures.

Ectomycorrhizal Root Tip Sorting

Core samples were transferred to the lab on ice and refrigerated at 4 °C. Individual

mycorrhizas were sorted within 10 days of collection to minimize DNA degradation. Beakers

containing samples were filled with deionized water and left to soak overnight. Mycorrhizas were

sorted using sieve trays to remove dirt and rock, then sequestered into epitubes based on color and

branching pattern as seen with a dissecting scope (Aegerer 1987-1992). After sorting, all

mycorrhizas were stored at -20 °C and later lyophilized for long-term storage.

ECM root tip abundance was calculated by counting the number of tips for individual

morphotypes. In order to ensure accurate assessment of ECM species and their distribution,

morphotypes were sampled for DNA extraction according to their abundance (Cullings et al. 2000).

Tip numbers were consolidated for each fungal species following molecular identification and

abundance data was tabulated for all soil cores.



DNA Extractions and PCR

DNA extractions of individual ECM root tip samples followed the CTAB miniprep method

(Gardes and Bruns 1993). Amplifications of the variable internal transcribed spacer (ITS) region of

ribosomal DNA were initially conducted on DNA extracts with the basidiomycete-specific primer

combinations ITS 1F and ITS4B. Samples failing to produce visible product with these primers were

then screened with the fungal specific primer combination ITS1F and ITS4 to identify ascomycetes

and other fungal taxa. A PCR Core Kit (Boehringer Mannheim) was used in all ITS amplifications.

Cycling was conducted in a Perkin-Elmer 9600 thermocycler and consisted of 37 cycles with an

initial denaturation step at 94 °C for 1 minute 25 seconds and 13 cycles at 94 °C for 35 seconds, 55

°C for 55 seconds, and 72 °C for 45 seconds. Parameters for the additional 13 and 1 1 cycling blocks

were not changed, except that extension times were increased to 2 and 3 minutes, respectively. An

additional 10-minute extension time followed the last cycle and the product was stored at 4 °C.

Molecular Identification

Successfully amplified ITS products were subjected to two restriction enzymes, HinfI and

Alu I. Restriction fragment length polymorphism (RFLP) patterns and DNA Molecular Weight

Marker VIII (Boehringer Mannheim) were separated on 3.0% agarose mini-gels at 5V/cm, stained

with ethidium bromide, and viewed with a Fisher Biotech Electrophoresis System. These patterns

were compared with ITS-RFLP patterns from a sporocarp database comprised of 200 fungal

specimens collected in the study area as well as other locations in YNP. Two restrictions enzymes

are sufficient for identifying most fi.mgal taxa within this system (Cullings et al. 2000; 2001).
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Sequencescorrespondingto the5.8SnuclearribosomalRNA (rRNA) geneand mitochondrial

largesubunit(mlsu) rRNA geneweregeneratedwith ITS primerslistedaboveandthe

basidiomycete-specificML5/ML6 primers,respectively(Brunsetal. 1998;Cullings andVogler

1998). Sequencesof 5.8S rRNA gene were used to identify unknown fungal species amplified with

ITS 1F/4 primers as either ascomycete or basisdiomycete, while mlsu rRNA sequences were used to

identify unknown basidiomycetes to familyor sub-family. Cycle sequencing of double-stranded

product was conducted using the fluorescent dideoxy-chain terminator with an ABI 377 automated

sequencer. Recovered sequences were corrected for ambiguities in nucleotide identification and

aligned using Sequencher 3.1.1. Sequences of 5.8S rRNA and mlsu rRNA regions were entered into

their respective databases with PAUP 4.0 beta-version 8 (Swofford 2000).

Statistical analyses

We tested for mean differences in species richness, tip abundance, and soil chemistry per soil

core between mixed conifer and lodgepole pine stands using the Student's t test, assuming unequal

variances, and using the nonparametfic alternative, Mann-Whitney U-test. All data were inspected

for normality using the Kolomgorov-Smimov test and for homogeneity of variance using the F-test.

Data not conforming to parametric assumptions were log transformed.

We used analysis of covariance (ANCOVA) to examine both differences in species richness

and ECM root tip abundance (at the soil core scale) and their possible relationships among soil

parameters between stand types. Initially, we conducted a correlation analysis between soil

parameters, ECM tip number, and ECM species richness for pooled soil core data. Significant

correlates were included in a multiple regression model where only nonsignificant variables were



successivelyeliminatedfrom themodel. Oncehavingasubsetof significantcovariates,wecoded

dummyvariablesto differentiatebetweenstandtypes. All dependentvariableswerelog transformed

to ensurehomoscedasticityandimprovelinearity. Statistical procedures were conducted with the

program SPSS version 11.0 for Windows with alpha = 0.05 as the significance level for all tests. We

also considered 0.05 < alpha < 0.10 as representing a weak statistical trend.

To evaluate sampling effort in each stand we estimated species richness using the mark-

recapture program CAPTURE, which recommends the most appropriate estimator based on species

frequency distribution (Rexstad and Burnham 1991; Nichols et al. 1998). Several estimators included

in the program were developed to adjust for behavioral and/or temporal responses of animals to

trapping and are thus not relevant to ECM fungi. Therefore, we used the jackknife estimator

associated with model M_,, which assumes heterogeneity in detection probabilities among species

(Burnham and Overton 1979).

RESULTS

Fungal Distribution Patterns

We detected a total of 85 and 35 ECM fungal species representing a total of 5570 and 5933

root tips for lodgepole pine and mixed conifer stands, respectively (Table 2). Although there was no

significant difference in mean number of root tips per core between stand types, the mean number of

species per core was over three times higher in lodgepole pine than in mixed conifer (Table 2).

Estimated total species richness for lodgepole pine and mixed conifer stands were 135 and 67

species, respectively (Table 3). Both stands were primarily comprised of rare species (species found



in onecoreonly). Differencesbetweentheactualandestimatedrichnesscanbeattributedto the

repeateddetectionof newspeciesin eachsoilcore. This indicatedthatfor bothstands27soil cores

failed to accuratelydetectalmosthalf theECMspeciesestimatedto bepresent(Table 3). The

modelsselectedin CAPTUREalsoindicatedthatspeciesdistributionpatternsweremarkedly

differentbetweenstands(Mhin mixedconiferversus Mtb h in lodgepole pine; Table 3)

Only four fungal species were shared between stand types (Inoeybe-25, Tricholoma-52,

Russula-38, Cortinarius-11), most of which were infrequent to rare in lodgepole pine (Table 4).

Russula-38 and Cortinarius-11 were the only two fungal species considered to be relatively frequent

in mixed conifer that were also found in lodgepole pine (Table 4). Consistent with previous reports,

we did not detect any ascomycetes in mixed conifer (Cullings et al 2000); but two species were found

in lodgepole pine with one, Cenococcum geophihtm, being a system dominant that comprised just

over 8% of the total ECM root tips and was present in 17 soil cores.

Both stands differed in their composition of dominant fungal species (Figures 2a and 2b) and

ranked abundance curves (Figure 3). Fungal species in mixed conifer typically exhibited lower core

frequency and highe r root tip numbers per core than species in lodgepole pine (Table 4). Five fungal

species (Cenoceocum, Cantharelloid-1, unknown basidiomycete-1, Tricholomatoid-1, and

Cortinarius-21) were found in 11 or more soil cores in lodgepole pine comprising 35.82% of the total

ECM root tip number. In contrast, the three most abundant fungal species in mixed conifer

(Hygrophorous-50, Cortinarius-11, and Cortinarius-65), representing 36.5 % of the total root tips,

were found in five or less soil cores. On average, a single fungal species typically dominated

individual soil cores in mixed conifer, whereas fungal species in lodgepole pine often comprised a

smaller percentage of the total root tip abundance and were stratified among a greater number of

cores.
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Thepercenttotalof ECM root tip distributionsaccordingfamilial groupingswasalsovery

differentbetweenstandtypes(Figure4). Identifiedroot tips collectedin lodgepolepine were

distributedin eighttaxonomiccategories(7families+Ascomycetes),sixof whichhad similar tip

distributionpercentages.In contrast,roottipscollectedin mixedconiferweredistributedamongsix

families(Gomphidiaceaenotshown),with theCortinariaceaedisproportionatelyrepresentinggreater

than50%of thetotal root tips. Also, all familiesrepresentedin mixedconiferwererepresentedin

lodgepolepine,exceptfor theGomphidiaceae(Chroogomphus);however,theThelephoraceae,

Cantharellaceae,andAscomycotawerenotrepresentedinmixed conifer.

Soil Chemistry

Mean values of five soil parameters were significantly different between stand types (p <

0.01 ; Table 5). On average, mixed conifer was significantly lower in pH, but significantly higher in

percent organic matter, ammonium, potassium, and phosphorus than lodgepole pine. Average total

nitrogen and nitrate levels were similar between stands.

Correlation analysis illustrated several moderate to low, but significant associations between

soil chemical variables. Both pH and percent organic matter were significantly correlated with one

another, and both were significantly correlated in different ways with total nitrogen, phosphorus,

potassium, and ammonium (Table 6). While species richness per core was positively correlated with

pH and negatively correlated with organic matter, phosphorus, potassium, and ammonium, it was

neither correlated with total nitrogen nor nitrate. ECM root tip abundance was not correlated with

any of the soil parameters or species richness. Analysis of covariance indicated that stand type was

the only significant factor in predicting species richness on a per core basis (Table 7). Two of seven
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chemicalcovariates(pH, ammonium)weretestedin thebestregressionmodel,howeverneither

covariatewasshownto bea significantpredictorof speciesrichnessafterstandtype was

differentiatedin themodel.

DISCUSSION

In this studywe foundevidencesuggestingbothasignificantdecreasein belowgroundECM

speciesrichnessandanextremechangein fungalcompositionduringforestdevelopmentasmature,

homogenousstandsof lodgepolepinemakeatransitionto mixedspeciesstandswith thecolonization

of shade-tolerantEngelmannspruceandsubalpinefir. Oursoil chemistrydatafurther indicatedthat

during this transitiontherearesignificantincreasesin organicmatter,phosphorus,potassium,and

ammonium,anda significantdecreasein pHasmixedconiferstandsestablishandmature. However,

otherabioticor biotic factorsassociatedwitheachstandtypemustalsobeconsideredwhen

explainingour results.

Species richness and composition patterns

Species richness patterns were consistent with previous below ground investigations that

found high species richness in homogenous stands oflodgepole pine (Stoll 1998; Byrd et al. 2000)

and comparatively lower richness in mixed conifer (Cullings et al. 2000, 2001). These data also

correspond with the pattern and predictions discussed in several studies describing increased fungal

richness during forest development followed by a decrease in richness as canopy closure and soil

moisture increase (Dighton and Mason 1985; Last et al. 1987).
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Bothstandswerein closeproximityto eachotherbutonly sharedfour speciesin commonout

of atotal of 116.Thisresultcontrastedwithseveralstudiesshowinghigherpercentagesof species

overlapin homogenouspine(Visser1995;Stoll 1998;Byrd et al.2000)andin mixed

conifer/hardwoodstands(Bills et al. 1986;Jonssonetal. 1999a)of differentages.This resultran

counterto our initial hypothesisthatbothstandswouldsharea subsetof fungalspecies,primarily

amongsystemdominants.Proximity to forestedgesor evensinglesurvivingtreesfollowing

disturbancehasbeenknownto influencetheavailabilityof fungalinnoculafor colonizing tree

species(IG-anabetter1999;Kranabetteretal. 1999)andmayalsoberesponsiblefor maintaining

fungal compositionovertime (Jonssonet al. 1999a).However,in ourstudyareaproximity to

sourcesof fungalinnocutadoesnotappearto play anobviousrolein ECMcommunity structure

patternsbetweenadjacentforeststands.

Despitethe lackof speciesoverlap,mostECMbasidiomycetefamiliesweresharedbetween

stands.Thedominanceof theCortinariaceaein mixedconiferwasextremerelativeto the

distributionof theotherfamilies. Theprevalenceof theCortinariaceaehasnotonly been

documentedin undisturbedstandsof mixedconifer( Cullingsetal. 2000, 2001) but has also been

documented in progressively older stands comprised of a single plant-host (Visser 1995; Byrd et al.

2000). High species richness exhibited by this family is not easily generalized to a specific forest

type and/or age; however, in Yellowstone, as well as other boreal forests, the prevalence of this

family is common (Visser 1995; Jonsson et al. 1999b). In contrast, Wurzburger et al. (2001) noted

the absence of the Cortinariaceae from coastal mixed coniferous forest in California, but found them

to be dominant in nearby highly acidic pygmy forests. In YNP others have noted the predominance

of the Cortinariaceae in highly acidic thermal soils, suggesting that in addition to high taxonomic

diversity, certain species within the family might be adapted to specific environments and/or soil
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conditions(CullingsandMakhija2001).

at our studysitemayprovideamoresuitableenvironmentfor manyspecieswithin this family.

However,this interpretationmightbeviewedwith somereservationsincedifferentiatingmembersof

theCortinariaceaeby theRFLPmethodmakeit likely thatwehaveunderestimatedtheir presencein

lodgepolepine,wherecloseto 25%percentof thebasidiomyceteswerenot identifiedto family

(Karenetal. 1997)

The apparentabsenceof ascomycetesin mixedconifer,especiallyCenococcum geophihtrn, is

peculiar. Cenococcum geophihlm is described as an abundant, cosmopolitan species that typically

lacks sexual structures but can readily reproduce via sclerotia and/or mycelia; this species can be

found in numerous habitat types and seral stages (Visser 1995; Smith and Read 1997; Jonsson et al.

1999b), and in some cases, nearly every soil sample (Jonsson et al. 2000). Here in YNP, C.

geophilum has been reported in 8 year-old lodgepole pine stands following fire and clear-cutting, as

well as in mature lodgepole pine stands similar to our study (Stoll 1998; Byrd et al. 2000).

Furthermore, several other research projects in mixed conifer within YNP have also failed to detect

C. geophilurn, suggesting that over time this species may be reduced in areas where disturbance has

been absent for some time (Cullings et al. 2000, 2001). During forest development, ascomycetes

have been known to progressively decline in the fungal community, possibility indicating that their

life-cycles respond to specific physical and chemical cues associated with specific disturbance events,

especially fire (Wicklow 1988).

Our results suggest that higher soil pH within mixed conifer

Soil chemistry
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Correlationsbetweenchemicaldataandcommunitypatternssuggestthathigher ECM

richnessoccursin areashavinglowersoil fertility andlower organicmattercontent.

Circumstantially,ourdataalsosupportthehypothesisthat soil fertility influencesfimgal species

composition,thoughwewereunableto statisticallytestthis becausetherewasvery little species

overlapandamajority of specieswereuniqueto eachstandtype. Severalstudieshavedocumented

differentECM speciescompositionsandhighercolonizationlevelsin soilshavingboth lower soil

fertility andlower organicmattercontent,butnonefoundspeciesrichnessto becorrelatedwith soil

nutrientstatus(Alvarezet al. 1979;GerhingandWhitham1994,1995;Gehringetal. 1998).

Interestingly,we foundnodifferencein colonizationlevelsbetweenstandsasinferredby ECM root

tip abundance.

While wedemonstratedthatboth lodgepolepineandmixedconiferdo indeeddiffer in soil

chemistry,ouroverall statisticalmodel failedto identify anyspecificnutrientor soil factor asdriving

richnesspatternswith certainty. Soil factorssuchaspHandammoniumareknownto influenceECM

communitystructure,butneithercovariatewasincludedin thefinal modelasbeinga significant

predictorof speciesrichness(Baar1996;CullingsandMakhija 2001). However,ammoniumwasthe

only covariatethatrepresentedapossibletrendat P=0.09,well aboveourpredeterminedalphalevel.

Thus,it is possiblethat smalldifferencesin ammoniumconcentrationarehavinga disproportionately

largeeffecton thefungalcommunityeventhoughthisphenomenonwasnotconclusively

demonstrated.

Although totalnitrogencontentwassimilarbetweenstands,theobserveddifferencesin

ammoniumconcentrationssuggestthatammonificationrates,which typically increaseasboth

temperatureandmoistureincreases,couldbedifferentin mixedconiferandlodgepolepine stands.

We proposethatduring forestdevelopmentthe increasingdepositionof organicmatterovertime,
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coupled with the colonization of gaps by subalpine fir and Engelmann spruce, increase tree density

and soil moisture retention within the stand. The increased soil moisture results in higher nitrogen

mineralization, which subsequently influences fungal composition and reduces fungal species

richness. Thus, it is conceivable that nutrient concentration, particularly ammonium, is a mere by-

product of the physical changes occurring to the soil during vegetative succession

Increased ammonium levels in soil are thought to cause either the plant-host or the fungus to

shift: carbon allocation away from the root system or vegetative mycelium, respectively, towards

amino acid synthesis (Wallender 1995; Hampp et al. 1999). Recent laboratory studies have

demonstrated that fungal species vary in their ability to deal with increased exogenous ammonium,

some showing different respiration rates, extramatrical mycelial biomass, and ammonium transfer

rates to the plant host (Bidartondo et al. 2001). However, it is unclear if increased ammonium

concentration affects the number of roots colonized by ECM fungi. Presumably, since this

mechanism affects carbon investment in fungal vegetative and reproductive structures, we would

expect to see not only lower fi.mgal species richness, but also lower numbers of root tips in areas with

higher ammonium levels. Because we observed differences in species richness and a similar

abundance of roots tips in each stand, it remains inconclusive if these patterns are due to different

ammonium concentrations.

Higher mean concentration of organic matter, lower mean pH values, and the more apparent

presences of large, decaying woody debris in the mixed conifer stand suggests that phenolic

compounds may be more prevalent here. The apparent higher nutrient surplus in mixed conifer could

be a result of phenolic compounds forming colloidal structures in the humus layer that bind

potassium, ammonium, and various forms of phosphates, thus increasing soil nutrient retention

(H_ittenschwiler and Vitousek 2000). Because soils in lodgepole pine stands likely have lower
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phenolicconcentrations,theyalsohavelowercapacityfor retainingsoil nutrientsand thereforehave

bothhighernutrientavailabilityandsoil leachingcapacity.Theseconditions,coupledwith lower

mineralizationratesandtheintensecompetitionfor andrapidassimilationof availablenutrientsby

mycorrhizaeandothersoil organisms,resultin lowerobservednutrientsurpluses.Furthermore,

mixedconiferstandsmaybemoreenvironmentallystablebecausetheyprovideacontinualsourceof

nutrientsthatcanonly beaccessedby fungalspeciespossessinglignasesandphenoloxidases

(DightonandMason1985;BendingandRead1995a,b).

Disturbance patterns

Although we inferred a peak and subsequent decrease in below ground ECM richness along

two points of a natural successional gradient, the suggested age-related changes in fungal richness

contrasts with previous studies that observed a similar community pattern within considerably

younger and homogenous forests outside this region (Dighton and Mason 1985; Last et al. 1987).

Despite this temporal difference, our results are the first to suggest a general pattern of fungal

richness from a below-ground perspective consistent with the Dighton and Mason (1985) model

(henceforth referred to as Dighton and Mason model) that follows a timescale particular to the

lodgepole pine-mixed conifer forest system in YNP. While the Dighton and Mason model is

primarily based on observations from homogenous plantation and oldfield systems over a relatively

short time period (6 to27 years), their predictions of higher organic matter content and higher soil

moisture are universal among forest succession patterns. Our data are consistent with these factors as

potential influences on ECM community structure in mixed conifer; however, to empirically

demonstrate this requires a more rigorous experimental approach that must also differentiate the
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possibleeffectsof changingplant-hostcomposition.We suggestthatin additionto disturbancetype,

growingseasonlengthandclimate,bothof which influenceforestgrowthandsoil development

patterns,might explainsomeof thetemporaldiscrepanciesbetweenourdataandtheDightonand

Masonmodel.

Stand-replacingwildfire andfire intervalpatternsnotonly haveconsiderableinfluenceon

vegetation patterns in YNP, they also appear to be closely linked with ECM community structure.

Previous research in YNP, including our study, indicates that ECM species richness progressively

increases after homogenous stands of lodgepole pine establish and mature (Stoll 1998; Byrd et al.

2000). Visser (1995), working in a wildfire-driven system similar to lodgepole pine, noted that ECM

species richness progressively increased in chronosequences of jack pine (Pinus banksiana) then

leveled off in mature stands that were 122 years-old. In contrast to our results, Jonsson et al. (1999b)

found no significant differences in below-ground ECM species richness between chronosequences of

recently burned and late-successional stands of Scots pine (Pinus sylvestris). They attributed this

pattern to the low intensity surfaces fires that typify Scots pine forests in Sweden which fail to

completely combust both the soil organic layer and the ectomycorrhizae below ground. Based on the

severity of disturbance, one might intuitively expect lodgepole pine to have lower richness than

mixed conifer since it was more recently affected by fire. However, data from YNP suggests that

ECM fungi recover rapidly within the first eight years following wildfire (Stoll 1998). Therefore,

stand-replacing wildfire in YNP may actually increase fungal richness in the post-fire pine

community by combusting phenolic compounds that inhibit ECM fungi and/or leaving activated

charcoal behind in the soil, which may have a detoxifying effect for over a century (Wardle et al.

1998).
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Plant host composition

Initial hypotheses suggested that many fungal species have high specificity for specific plant

hosts and that with increasing plant richness there would also be a concomitant rise in ECM fungal

richness. Our data suggest just the opposite: as plant species richness increases ECM composition

changes and richness decreases. Lodgepole pine is a primary colonizer that grows fast in open and

moderately xeric conditions, whereas Engelmann spruce and subalpine fir grow and survive in areas

with relatively higher soil moisture and shade (Stohlgren and Bachand 1997). It is possible that the

quantity and/or quality of carbon resources available to ECM fungi are different between lodgepole

pine and mixed conifer stands. Although this is speculative and remains to be tested, the increased

prevalence of shade-tolerant species might limit the amount of carbon available to the soil because

these tree species have slower growth rates; hence, the predominance of Engelmann spruce and

subalpine fir in mixed conifer stands may only support fungal species capable of thriving under

conditions of lower respiration and plant carbohydrate availability. Additionally, many lodgepole

pine trees living in the mixed conifer stand are the oldest and largest tree species within the stand and

are reaching the end of their lifespan and may have limited carbohydrates to invest in ECM fungi.

Sampling and community variation

Most below-ground ECM studies encounter high variation in species frequency and

abundance which can be problematic when trying to infer relationships between fungi and

environmental factors (see Horton and Bruns 2001). We encountered a few dominant species in each

stand, a high number of rare species, and again relatively little overlap in composition. The estimated
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levelof total speciesrichnesswasvery differentfrom whatwasobservedin eachstandrespectively,

indicatingthatweundersampledthecommunity.Therefore,anydifferencesin community

compositionthatwehaveattributedto environmentalfactorscouldalsobedueto samplingerror.

Also, sincewecollectedsoil coresfor bothECM identificationandchemicalanalysesin different

years,seasonaleffectscouldhaveintroducedmorevariationthanwewereableto accountfor, thus

obfuscatinganyrealrelationshipsprevalentin thecommunity.Similarly,wecannotdiscountthe

possibilityof spuriousrelationshipsbeinggeneratedin this wayaswell. In anycase,cautionshould

beexercisedwhenattributingcauseto anyof thecommunitypatternswehavedescribedabove.

CONCLUSION

In summary,we foundevidencethattotalbelow-groundECM speciesrichnessdeclinesalonga

naturalsuccessionalgradientfromhomogenousstandsof maturelodgepolepineto old growth mixed

conifer. Evidencesuggeststhatspeciesrichnessincreasesin homogenousstandsof lodepolepine,

but dramaticallydeclinesafter colonizationandestablishmentof shade-tolerantspecies.We found

markeddifferencesin soil chemistrybetweenstandtypesandseveralsignificantcorrelationsbetween

thecommunityandsoil data;however,thesoilvariablesassampledin thisstudydid nothavea

significantrelationshipwith speciesrichnessin thefinal model. Moreover,thebroadcategoryof

stand-typewassignificantin themodel,possiblyrepresentingunmeasuredenvironmentalfactorsthat

areinfluencingtheECM community.Speciesrichnesspatternswereconsistentwith ageneralized

versionof theDightonandMason(1985)modelthatfollowsatimeframespecificto the lodgepole

pine/mixedconifersystemin YNP. Futureresearchof ECM communitiesin Yellowstoneshould

addressseasonalandannualvariationin nutrientdynamics,includingphenoliccompounds,plant
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carbohydrate supply, and other chemical variables not examined in this study, and how these might

be related to the ECM community during succession. Together, this would enhance our

understanding of vegetation dynamics in this important temperate ecosystem and would provide land

managers with information on ECM fungi adapted to specific environments that could enhance forest

regeneration and growth.
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Table 1: Descriptionof theforeststands
' _l ' I I ' 'Start Characteristics Mixed Conif'er Pure Lodgepole

Forest Age (yrs)

Size of Area (ha)

Canopy Cover (%)

Total Basal Area (m2/ha)

Pinus contorta

Picea engelmannii

Abies albicaulis

-250-300

1

60.6 (1.6)

42.1

12.1

22.8

7.2

-135

2

56.2 (0.83)

44.1

44.1

Total Tree Density (trees/ha)
Pinus contorta

Picea engelmannii

Abies albicaulis

1782.5

594.2

891.3

297.0

1400.5

1400.5

Seasonal Soil Moisture (%)*

Max

27.1 (1.7)

Seasonal Soil Temperature (C)* 4.0 (0.2)

Se__. M__
13.5 (1.2) 4.3 (1.0) 19.0 (1.7)

Sept.
4.0 (0.6) 1.0 (0.3)

14.3(0.3) 9.7(0.9) 4.5(0.1) 16.3(0.4) 12.0(0.5)

* Data collected during growing season in 2000
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Table2: EctomycorrhizalRootTip andSpeciesDistribution(SE)

Mixed Conifer LodgepolePine p-value

TotalECM Tips_ 5933 5570

MeanTip #/Core 219.7(42.0) 206.3(19.4) 0.77"

Mean# Species/Core 2.48(0,27) 8,81(0.56)
_Basedon tile total of PolymeraseChainReaction(PCR)
ampliedtips.
*Student'st testassumingunequalvariances

<0,01"
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Table 4: Top 35 ECM fungal taxa detected in lodgepole pine and mixed conifer illustrating core

frequency and relative root tip abundance

Fungal Species Core % ECM Tip F'ungal Species Core % ECM Tip

Mixed Conifer Frequency Abundance Lodgepole Pine Frequency Abundance
Russula-38 8 5.31 BF- 1 21 7.14

Hygrophorous-50 5 14.17 Cenococcum geophilum 17 8.68

Cortinarius- 11 5 11.53 Cantharelloid- 1 14 8.61

Cortinarius- 10 5 7.99 Tricholomatoid- 1 14 6.65

Suilh_s tomentosus 5 4.38 Thellephoroid- 1 11 4.74

Cortinarius-65 2 10.75 Suillus- 1 10 2.37

Russula-43 3 3.03 Thellephoroid-2 8 5.09

Cortinarius-6 2 5.28 Tri cholomatoid- 55 8 2.76

RussuIa-39 2 2.95 Russuloid-2 6 2.21

B-80 2 2.92 Cortinarius-23 5 5.20

Suillus-2 2 2.36 B-5 5 4.16

Tricholoma-52 2 1.55 B- 10 5 0.68

Hebeloma- 15 2 1.30 Russula 38 4 4.25

Cortinarius- 17 1 4.21 Thellephoroid-3 4 2.15

Inocybe-11 1 4.05 B-11 4 0.36

Russula-37 1 2.19 B-9 4 0.16

Cortinarius-20 1 2.11 F-8 3 1.22

Cortinarius- 109 1 1.69 Inocybe-25 3 0.65

B-81 1 1.52 BF-2 3 0.47

Hygrvphorous-49 1 1.26 B-6 3 0.25

Inocybe-25 1 1.26 B-16 2 3.50

Cortina_4us- 15 1 1.18 Corti naroid-2 2 2.37

Inocybe- 15 1 1.18 Tricholomatoid-2 2 1.92

Cortinarius-NM 1 1.01 AF-5 2 1.65

Russula- 11 1 0.96 F-3 2 1.40

Lactarius-42 I 0.84 Hygrophorous-87 2 1.08

Tricholoma-54 1 0.76 F-6 2 0.97

Cortinarius- 16 1 0.67 Cortniarius- 11 2 0.23

Cortinarius- 14-96 1 0.51 Cortinarius-23b 2 O. 18

B-83 1 0.51 Cortinaroid- 1 2 0.11

B-82 I 0.34 Russuloid-3 1 2.69

Cortinarius-207 1 0.13 ]nocybe-77 1 1.44
Cortinarius-14 1 0.05 Tricholoma-52 1 1.10

B-84 1 0.03 Cortinarius- 19 1 0.50

Chroogomphus-3 5 1 0.02 Tricholoma-51 1 O. 11

50 more RFLP Taxa - 12.96
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Table 3: Observed and Estimated ECM Fungal Species Richness for

Lodgepole and Mixed Conifer Stands. "Estimations were calculated

assuming Model MI, in CAPTURE (Rexstad and Burnham 1991 )

Stand Species Estimated Model

Type Detected Richness Selected SE 95% CI

Mixed Conifer 35 67 Mh 13.07 51 - 104

Lodgepole 85 137" M,b h 16.92" 114-182"
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Table5: Soil parametersshownwith meanvalues(SE)

Parameter Mixed Conifer PureLodgepole p-value

pH 3.71(0.03) 4.02(0.04) <0.01

% OrganicMatter 9.74(0.86) 6.74(0.83) <0.01

%TotalNitrogen 0.22(0.007) 0.24(0.02) 0.70

N-NO3ppm 0.81(0.24) 0.7(0.16) 0.66

N-NH4+ppm 19.9(1.3) 13.6(2.I) <0.01

X-K +ppm 238.5(11.7) 176.3(12.7) <0.01

Bray-Pppm 79.8(6.7) 47.2(2.7) <0.01
Note:Soil databasedonn=27soil samplesfor eachstandtype. P-values
arebasedon Student'st-testassumingunequalvariances
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Table6: Correlationanalysis(Pearson'sr) of soil chemicalvariablesto ECM speciesrichnessandtip
abundancefor pooledstanddata.

OM Total-N Bray-P X-Kr NH4+ NO3 ECM Species
Tips Richness

pH -0.573** -0.308* -0.467** -0.362** -0.404** -0.103 -0.058 0.556**

OM 0.517'* 0.487** 0.514"* 0.458** -0.034 0.113 -0.340*

Total-N 0.054 0.042 0.465** -0.041 0.185 0.088

Bray-P 0.528** 0.404** 0.002 0.235 -0.326*

X-K+ 0.522** 0.144 0.006 -0.362**

NH4+ 0.083 0.194 -0.404**

NO3 -0.083 -0.103
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Table7: Resultsof analysisof covariancerelatingspecies
richness per core to soft characteristics and stand type .

Source df Type III ss F P R 2

Model 3 2.949 41.077 0.000

Stand Type 1 1.376 57.491 0.000

Intercept 1 0.052 2.187 0.145

pH 1 0.004 0.183 0.670

NH4 + 1 0.069 2.895 0.095

Error 50 1.197

0.711
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Figure l: LocationMapof YellowstoneNationalParkandStudySite

Figures2a-2b:Rankedspeciesdistributionsaccordingto importancevaluesbasedon thesumof
relativeECM root tip abundanceandrelativecorefrequenciesfor thetop26 fungi in (a) mixed
coniferand(b) maturelodgepolepine. Speciesidentifiedto family or sub-familyare followed by the
-oid suffix. Abbreviationsfor unidentifiedtaxa: B-basidiomycete(primers1F/4B,mtLSU, or 5.8S
placement);A-ascomycete(5.8Splacement);F-fungal(lF/4).

Figure3: Rankabundancecurvefor all detectedspeciesin mixedconiferandmaturelodgepolepine
standsdepictedonalogarithmicscale.

Figure4: PercenttotalECM root tip abundanceaccordingto familial grouping,fungustype, and
percentunknownin mixedconiferandmaturelodgepolepine.
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Figlire 1 • Loca_on map fbr Yellowstone National Park and study site.
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